
IOP Conference Series: Earth and Environmental Science

PAPER • OPEN ACCESS

Tension tests on bored instrumented piles installed
in marine Eocene clay
To cite this article: J Knudsen et al 2021 IOP Conf. Ser.: Earth Environ. Sci. 710 012034

 

View the article online for updates and enhancements.

You may also like
Development characteristics and formation
mechanism of two-phase transfer zone
during rifting in Wushi Sag, Beibuwan
Basin, South China Sea
Fang Dong and kongyou Wu

-

Marine influence during deposition of the
Kiliranjao Brown Shale, Central Sumatra,
from palynology point of view
R Fakhruddin, I S Gumilar and T Ramli

-

Paleofacies of Eocene Lower Ngimbang
Source Rocks in Cepu Area, East Java
Basin based on Biomarkers and Carbon-
13 Isotopes
Elok A Devi, Faisal Rachman, Awang H
Satyana et al.

-

This content was downloaded from IP address 130.225.26.33 on 02/09/2022 at 08:53

https://doi.org/10.1088/1755-1315/710/1/012034
https://iopscience.iop.org/article/10.1088/1755-1315/671/1/012032
https://iopscience.iop.org/article/10.1088/1755-1315/671/1/012032
https://iopscience.iop.org/article/10.1088/1755-1315/671/1/012032
https://iopscience.iop.org/article/10.1088/1755-1315/671/1/012032
https://iopscience.iop.org/article/10.1088/1755-1315/538/1/012005
https://iopscience.iop.org/article/10.1088/1755-1315/538/1/012005
https://iopscience.iop.org/article/10.1088/1755-1315/538/1/012005
https://iopscience.iop.org/article/10.1088/1755-1315/118/1/012009
https://iopscience.iop.org/article/10.1088/1755-1315/118/1/012009
https://iopscience.iop.org/article/10.1088/1755-1315/118/1/012009
https://iopscience.iop.org/article/10.1088/1755-1315/118/1/012009
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjst4rfOdbusU0AgLmTtmhwqEQDqO2BNtEeDUCfAXakAx-FEWIfCMv17ER_Gr7qk28mTlQPXfCISrtYkKIUxvhojUnBnoin4gJjgzl9mU27YbYkY_P_T3dqmqKyq_6skdOc3ELyAn0TKKXsnxzDPFaMmpn2XxH8_1RRTIRvxCMDnlzk9ukI4IyPald1qiMhuuKu08flvxJ_yUWErfDNctA2qufkJDoqiNaEuGC9Y1th5aWfX3UrcuAxmbhdpWOlirvdxlytFUpBypsScTrTt8-1zhu5kyBGpWXDakgLjSbUk8Sg&sai=AMfl-YSTjiF2UcKIKGGJ9vLT72oYyoXHGia6SpmU4Z6iZMQsv8so_U_6M3csJUHSHU0huIJ0-ps3Ppfxv3FTR6U&sig=Cg0ArKJSzG6WWWJqWx0U&fbs_aeid=[gw_fbsaeid]&adurl=https://community.electrochem.org/eWeb/DynamicPage.aspx%3Fwebcode%3DEventInfo%26Reg_evt_key%3Dcdc97533-dd9f-4411-a7c2-faa5b85a1388%26utm_source%3DIOP%26utm_medium%3DADV%26utm_campaign%3D242Reg


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

18th Nordic Geotechnical Meeting
IOP Conf. Series: Earth and Environmental Science 710 (2021) 012034

IOP Publishing
doi:10.1088/1755-1315/710/1/012034

1

 

 

 

 

 

 

Tension tests on bored instrumented piles installed in marine 

Eocene clay 

J Knudsen1,2, K K Sørensen1, J S Steenfelt3 and H Trankjær2 

1 Department of Engineering, Aarhus University, Inge Lehmannsgade 10, 8000 

Aarhus C, Denmark 
2 COWI Aarhus, Jens Chr. Skous Vej 9, 8000 Aarhus, Denmark 
3 COWI Lyngby, Parallelvej 2, 2800 Lyngby, Denmark 

 

Jahs@cowi.com 

Abstract. This paper presents parts of the results from two full-scale loading tests (tension) on 

bored cast-in-place piles installed in high plasticity marine Eocene clay at a test site in Hinge, 

central Jutland, Denmark. Testing was carried out to investigate the development and distribution 

of shaft resistance on the test piles. Each test pile was instrumented with distributed fiber-optic 

strain and temperature cables, in addition to traditional vibrating wire strain gauges and tell tales. 

Selected examples of retrieved data are presented. The measured shaft resistance is compared to 

an analytical method based on the Danish National Annex to Eurocode 7, part 1 which represents 

a conservative estimate for the shaft resistance of bored piles. The results from the two full-scale 

loading tests (tension) on bored cast-in-place piles in marine Eocene clay show that the Danish 

code-requirement, concerning shaft resistance, is too conservative. 

1.  Introduction 

This paper presents the preliminary results from the first two full-scale loading (tension) tests from a 

test program consisting of 8 full-scale bored test piles installed in a high plasticity marine Eocene clay. 

The purpose of the test program is to determine the development and the distribution of the shaft 

resistance along the length of the pile as the pile is gradually being loaded to a failure condition. In 

addition, by testing the piles in pairs at different times after installation (1.5 months, 6 months and 12 

months) the full test program will also investigate possible ageing effects on the shaft resistance (results 

are to be published at later time). To achieve detailed measurements of the distribution of shaft resistance 

each test pile was instrumented with distributed fibre-optic strain and temperature cables in addition to 

traditional vibrating wire strain gauges and tell tales. The results are compared to an analytical method 

based on the Danish National Annex to Eurocode 7, part 1 [1] The code-requirement limits the shaft 

resistance for a bored pile to 30 per cent of the shaft resistance of the corresponding driven pile unless 

recognised documentation to show otherwise is available. 

1.1.  Back ground 

The development and magnitude of shaft resistance on bored piles in fine grained soils is controlled by 

various mechanisms and highly depend on the chosen execution methods. Stresses will gradually build 

up after installation of the pile and shaft resistance during static pile load test will depend on the degree 

of swelling and softening taking place in the clay during installation. 
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Major shear distortion from pile installation is confined to a relative thin zone around the pile shaft 

[2-3] making it practically impossible to measure the detailed effects of the governing mechanism in 

terms of normal and shear stresses, their distribution along the pile shaft as well as excess pore pressure 

in the adjacent clay. Hence, using the effective stress analysis, also known as the β-method, is not 

practically possible for determination of shaft resistance for bored piles. 

Determination of shaft resistance for bored piles in clay is therefore conventionally based on an 

empirical approach, where a reduction factor is applied to the undisturbed undrained shear strength cu 

of the clay layers which the pile penetrates. This is also known as the α method: 

  
𝑅𝑠,𝑐𝑎𝑙 = ∑𝛼 ∙ 𝑐𝑢 ∙ 𝐴𝑠 (1) 

where Rs,cal is the shaft resistance, α is an empirical adhesion coefficient and AS is the shaft surface 

area. 

Experience from pile load tests in similar ground conditions is required to determine the α-value. 

Uncertainties in the α-value and the variation of the undrained shear strength of the soil adjacent to the 

pile means that the α-method only gives an estimate of the total shaft resistance. Hence, the distribution 

of shaft resistance along the pile shaft is unknown. 

The distribution of shaft resistance along the pile length during load testing can be determined from 

the measured displacements and strains inside the piles at selected predetermined locations by using tell 

tales and strain gauges [4-5]. However, the conversion from strains to normal stresses in the pile and 

finding the actual stresses acting on the pile shaft is not a simple matter. This requires knowledge of the 

variation in pile stiffness along the length of the pile and the change in stiffness with increasing strains. 

In addition, the possible existence of locked-in residual forces acting on the pile after concrete curing 

and prior to pile testing can be hard to estimate [6]. 

1.2.  Shaft resistance of bored piles based on the Danish National Annex to Eurocode 7, part 1 

The results from the conducted pile load tests are compared to an analytical method based on the 

Danish National Annex to Eurocode 7, part 1 [1], where realistic strength parameters (best estimate) 

are applied. According to [1] the shaft resistance Rs,cal of a bored pile can be estimated from: 

 
𝑅𝑠,𝑐𝑎𝑙 = ∑𝛼 ∙ 𝑐𝑢 ∙ 𝐴𝑠 = ∑(0.3 ∙ 𝑚 ∙ r) ∙ 𝑐𝑢 ∙ 𝐴𝑠 (2) 

where m is a material factor, r is a regeneration factor, cu is the undrained shear strength and AS is 

the shaft surface area. The factor 0.3 is the 30 per cent reduction of the shaft resistance of the 

corresponding driven pile. 

The material factor considers the ratio of adhesion to undrained shear strength. For concrete piles a 

material factor of 1.0 is generally used. The regeneration factor considers the strength reduction of the 

clay due to remoulding during pile driving and also considers the subsequent strength gain over time 

due to dissipation of excess pore water pressure [7]. It is usual practice in Denmark to assume a 

regeneration factor of 0.4 (i.e. 60 % reduction of the intact undrained shear strength) for driven piles 28 

days after pile installation if cu < 500 kPa. In Denmark the empirical 𝛼-factor used is applied to the intact 

undisturbed undrained shear strength determined from in-situ tests (e.g. from field vane tests, where the 

field vane strength, cfv can be assumed equal to cu) [1]. 

 The empirical α-factors used for driven and bored concrete piles in Denmark are therefore equal to 

𝛼 = 0.4 and 𝛼 = 0.12 respectively. The α-factor used for bored piles is based on the results from a low 

number (7 documented cases) of in-situ pile loading tests carried out in Denmark in the 1970´s, 

consisting of different pile types and execution methods, primarily established in clay till cf. [8]. In 

addition, it is likely that experience was drawn upon from abroad, where especially pile testing in stiff 

over consolidated London Clay was considered relevant as it bears resemblance to the stiff over 

consolidated Danish Palaeogene clays. In this respect, it should be noted that in the UK the α-factor is 

traditionally derived from a comparison of pile test results with the results of undrained triaxial 

compression tests on undisturbed specimens. This implies that the α-factor will be highly affected by 

the presence of fissures, and the values reported in the literature for stiff fissured clays like London clay 
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are therefore often not directly comparable without careful consideration and knowledge of the fissure 

strength in relation to the intact strength. Hence, for stiff fissures clays it would generally seem better to 

derive the α-factor based on the intact undisturbed undrained shear strength determined from in-situ 

testing.  

Today’s pile types, execution methods and installation time has changed and together with more 

challenging ground conditions, this has created a need for a revision of the empirical α-factor in 

Denmark. 

2.  Ground conditions and test methods 

2.1.  Ground conditions 

Testing was carried out at a dedicated test site located in Hinge, central Jutland, Denmark. The location 

provides opportunity to work undisturbed for the duration of the entire full-scale test program and 

provides uniform ground conditions (very high plasticity clay) only approximately 3 m below ground. 

Three geotechnical boreholes (B1-A, B2-A and B3-A) with field vane tests and four Cone 

Penetration Tests (CPT1-CPT4) were performed. Intact samples were collected in A-tubes (Shelby type) 

from six adjacent boreholes (B1-B&C, B2- B&C and B3- B&C). The locations of boreholes and CPT 

tests in relation to the test piles are illustrated in figure 1a. 

 

  

Figure 1. (a) Overview of geotechnical investigations and bored cast-in-place piles; (b) Representative 

soil profiles (B1-A and B2-A) around the test piles. 

The top of the geotechnical boreholes B1-A and B2-A indicate 0.8 to 1.8 m clay fill. This is underlain 

by 0.4 to 0.5 m late glacial deposits of solifluction clay and 1.2 to 1.5 m glacial deposit of clay till down 

to the top of the glacially disturbed marine Eocene clay 2.8 to 3.4 m below ground, see figure 1(b). The 

ground level is approximately at +58.0 m above mean sea level (Danish Vertical Reference 1990). 

Prior to installation of the bored cast-in-place piles the uppermost 0.4 m of soil was replaced by base 

course and steel mats to create a stable working platform for the piling rig, and subsequently replaced 

by gravel around the test setup to minimize settlement in the upper layers during load testing. 

At each pile location the top 3.4 m of soil was predrilled (Ø1000 mm diameter) and replaced by sand 

(poorly graded medium sand). This was done to minimize contributions from the upper soil layers to the 

shaft resistance, thereby making it easier to deduce the contributions from the underlying layers of 

marine Eocene clays, see figure 1(b). 

The clay till varies from low plasticity in the top of the layer to high plasticity in the bottom of the 

layer due to the underlying marine Eocene clay. The marine Eocene clay is a very high plasticity clay 

with an intact undrained shear strength (assumed equal to the field vane strength) between 100 and 350 

(a) (b) 
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kPa with an average value of 210 kPa (over the depth of the piles). The natural water content ranges 

between 41- 68 % and the unit weight ranges between 16.0 - 17.2 kN/m³. See figure 2. 

 

        

Figure 2. Cone resistance (a); Field vane strength (b); Water content (c); Unit weight (d). 

Atterberg limits and calcite content for the marine Eocene clay at test site Hinge are given in Table 
1 cf. [9]. 

 

Table 1. Atterberg limits and calcite content for marine Eocene clay at test site Hinge. 

Water content 
(%) 

Liquid limit 
(%) 

Plastic limit 
(%) 

Plasticity index 
(%) 

Calcite 
(%) 

44 - 62 160 - 233 11 - 44 86 - 202 13 - 36 
 

The groundwater level at the site is varying between 0.5 and 1.5 m below ground level with a 

hydrostatic pressure distribution. Seasonal variations can be expected in the upper layers. 

2.2.  Test piles and pile instrumentation 

The full-scale test program consists of eight instrumented full-scale bored cast-in-place piles. The test 

piles are 0.62 m in diameter and have a length of 8.5 m + 0.5 m (0.5 m above ground level). The 

reinforcement cage consists of eight Y32 bars with Y14/190 shear reinforcement in each pile. The 

concrete used was A35 MPa, and a pair of Ø63.5 mm GEWI PLUS bars were installed 6 m into the test 

pile to transfer the force from the hydraulic jacks to the test pile during pile load testing. 

The reinforcement cage of each test pile was instrumented with 2 distributed fibre-optic strain cables, 

1 distributed fibre-optic temperature cable, 10 vibrating wire strain gauges (one pair at 5 different levels) 

and 4 tell tales. All monitoring equipment was installed in pairs within the reinforcement cage on 

diametrically opposite sides to separate bending moments from axial loads, see figure 3. 

Selected examples of the distribution of shaft resistance from vibrating wire strain gauges are 

presented in this paper, while the detailed measurement results will be presented and analysed in a future 

paper. 

Installation of the test piles commenced three days after predrilling and replacement of the upper 3.4 

m with sand, and the test piles were drilled as cased Kelly piles. No water was used in the borehole 

during drilling and cleaning. The casing was always kept 1 m above ground to ensure against 

contamination by debris, and the reinforcement cage was lowered into the borehole before concreting. 

The piles were concreted from the bottom up with a tremie pipe, and the tip was kept below the 

surface of the concrete to avoid mixture and separation. The GEWI bars for the static loading test 

(tension) were installed manually after concreting of the piles. 
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Figure 3. Details of test pile instrumentation. Levels relative to ground level. 

2.3.  Pile load tests and test setup 

The first two static pile loading tests (tension), which are dealt with in this paper, were completed 48 

days (test pile 7) and 51 days (test pile 1) after pile installation, respectively. Figure 4 shows the steel 

traverse system that was used to provide the reaction force for the pile load tests. The steel traverse 

system consists of two steel mats located with a clearance of approximately 2.5 m on both sides of the 

test piles. A pair of 4 m long HE300B load distribution beams were placed on top of the steel mats with 

two HE800B main beams on top. Finally, two pairs of HE400B beams with a length of 4 m were located 

crosswise above the centre of the test piles to distribute the load on both main beams and to stabilize the 

load application system. The test load was applied by four hydraulic jacks located central to the pile 

axis. Each hydraulic jack had a capacity of 300 t and a stroke of 250 mm. The load was measured by 3 

MN load cells.  

 

 

Figure 4. Steel traverse system for static pile load test (tension). 

The reference beams (yellow beams at ground level) were 6 m long and mounted on wooden beams 

at the ends to ensure that the measurements of the pile displacement were independent from the test 

setup and any movements thereof. The reference beams were measured with surveyor’s level at two 

points to check for possible movements. 

The test piles were loaded to failure in two load cycles. In the 1st load cycle the load was applied in 

5 steps of 100 kN, which corresponds to a total of 500 kN or 60 % of the expected failure load. The 

Cross section A-A: 

Cross section B-B: 
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holding time at each load step was 30 min. The pile was then unloaded in steps of 100 kN with a holding 

time of 5 minutes at each load step, and a holding time of min. 30 minutes before the 2nd load cycle 

commenced. In the 2nd load cycle the load was applied in steps of 125 kN and then reduced to steps of 

50 kN when the test pile showed sign of imminent failure. The holding time at each load step was 30 

min. The actual time-load curves for test pile 1 and test pile 7 is presented in figure 5. 

 

 

Figure 5. Loading procedure for test pile 1 and test pile 7. 

For each new load step, the load was increased or decreased continuously over a time period of 

approximately 3 minutes to avoid shocks and vibrations. The load was held as constant as possible 

during each load step. For test pile 1 the power was lost twice during the static pile load test, which 

resulted in minor data losses between load step 4 (400 kN) and load step 5 (500 kN), and at the final 

load step (825 kN). Furthermore, the hydraulic system for test pile 1 had a leak, which was discovered 

at load step 2 (200 kN) and repaired between the 1st and 2nd load cycle. Therefore, the holding time was 

extended to approximately one hour for load step 2 and three hours for load step 10 (between 1st and 2nd 

load cycle). 

3.  Results 

3.1.  Load-displacement curves and mobilized pile capacities 

The load-displacement curves for the static pile load tests (tension) on test piles 1 and 7 are shown in 

figure 6. The results are based on data from the displacement transducers on pile top, and no correction 

were made relative to the surveyor’s level.  

The overall behaviour of the shaft resistance response is seen from figure 6 to be strain hardening. 

The magnitude of creep displacement is seen to increase with increasing load level. This highlight the 

rate dependent behaviour of the load-displacement response and the mobilised shaft resistance. Test pile 

1 is seen to experience creep failure at a sustained load of 825 kN, while test pile 7 fails at 750 kN. The 

initial almost vertical straight-line portion of the load-displacement curves during the first and second 

unloading highlight that the elastic lengthening and rebound of the pile is insignificant – this is 

furthermore confirmed by the measured very small internal strains shown in figure 8. The following 

sections will focus on the results from the tension load test on test pile 7.  

 

0

500

1000

0 5 10

Lo
ad

 (k
N

)

Time (hours)

Test pile 7
Test pile 1



18th Nordic Geotechnical Meeting
IOP Conf. Series: Earth and Environmental Science 710 (2021) 012034

IOP Publishing
doi:10.1088/1755-1315/710/1/012034

7

 

 

 

 

 

 

 

Figure 6. Load-displacement curves for test pile 1 and test pile 7. 

3.2.  Rate of creep and shaft resistance 

The shaft resistance of the test piles equals the total bearing capacity from the static pile load test, as the 

performed static pile load tests were tension tests. However, the test piles were loaded incrementally to 

failure and therefore the log time-displacement/load curves and the corresponding rate of creep were 

investigated for the last two load steps to document in more detail the influence of creep rate on the shaft 

resistance of the test piles. 

Figure 7(a) and figure 7(b) show the displacement per log time and creep displacement rate against 

time respectively for the last two load steps (625 kN and 750 kN) for test pile 7. The rate of creep per 

log cycle of time (trendline) is determined to be 0.18 mm/lct and 67.91 mm/lct at the end of each load 

step. In the last load step at 750 kN the creep displacement rate is initially seen to reduce and then after 

reaching a rate of approximately 0.005 mm/sec the creep displacement rate is seen to accelerate and the 

pile experiences creep failure. In the previous load step at 625 kN the creep displacement rate is found 

to reduce approximately linearly with time and there are no signs of eminent failure.  

Test pile 1 shows similar behaviour in the last to load steps (775 kN and 825 kN) to what is seen for 

test pile 7. However, considering the magnitude of rate effects highlighted from the load-displacement 

curves in figure 6 and the small difference in load of only 50 kN between the two last load steps, it is 

likely that if enough creep time had been allowed, then the pile would eventually also experience creep 

failure at 775 kN. 

  

 

Figure 7. Log time-displacement and load curve for test pile 7 (a);  

Time-creep displacement rate curve for test pile 7, average over 100 readings (b). 

3.3.  Internal strain profile of the test pile 

The results from the vibrating wire strain gauges have been used to determine the distribution of shaft 

resistance. In the following section examples from the vibrating wire strain gauges level 1 through 5 is 

presented for test pile 7. For vibrating wire strain gauges the notation SG-1 through SG-5 has been used. 
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All displayed data are mean values from the pairs installed on diametrically opposite sides to separate 

bending moments from axial loads. Furthermore, an average value over the period of the maintained 

load step has been used. Figure 8(a) shows the load-micro strain curves at each gauge level for the 2nd 

load cycle (reloading until 500 kN) for test pile 7, while figure 8(b) shows the corresponding variation 

in tangent stiffness EtA with increasing micro-strain at each gauge level.  

 

 

Figure 8. Test pile 7 – Applied load-micro strain curve for strain gauges level 1 through 5 (a); 

Tangent stiffness-micro strain curve for strain gauges level 1 through 5 (b). 

From figure 8(a) is can be seen that the there is a close agreement between the load-micro strain 

curves for SG-1 (located at ground level) and SG-2 (located 1.75 m below ground level). This indicates 

that only minor shaft resistance is mobilised within the upper sand fill.  Hence, the slope of the straight 

part of the load-micro strain lines SG-1 and SG-2 represent an approximate value of the pile stiffness 

(around 14 GN). However, at the maximum load the load-micro strain curve for SG-1 is seen to 

unexpectedly drop, indicating a false increase in pile stiffness. This can possibly be explained by the 

development of small tension cracks at the pile top at higher tension loads. These will lead to the tension 

load not being fully transferred to the pile before SG-2, because of the application of the tension load 

through GEWI bars concreted 6 m into the test pile.  

If the applied load on the test pile is transferred along the pile shaft by gradual mobilisation of the 

shaft resistance down the pile, then it would be expected that the load-micro strain curves shown in 

figure 8(a) for the lower strain gauge levels would first rise and then become parallel with the upper 

strain gauge lines. This is however not seen to be the case, as can also be seen from the variation in 

tangent stiffness with increasing micro strain in figure 8(b). The tangent stiffness for SG-3 to SG-5 is 

on the other hand seen to initially reduce and then increase with increasing load level and micro strain. 

This is an indication, that the pile stiffness is significantly larger than the soil stiffness, and therefore the 

shaft resistance is activated simultaneously along the length of the pile. The tangent method therefore 

cannot be applied for the lower strain gauge levels despite full mobilisation of the shaft resistance above. 

Generally, the tangent method can only be expected to be applicable in compression testing where 

mobilisation of the base resistance is much slower than the mobilisation of shaft resistance.   

Nonetheless, the pile tangent stiffness can be estimated based on SG-1 and SG-2. The E-modulus is 

often not a constant and can be expected to reduce linearly with increasing strain. From figure 8(b) it 

can however be seen that the tangent stiffness EtA of the pile can be considered constant within the 

limited strain range (up to around 50 𝜇𝜀) with a value of around 14 GN, hence the tangent stiffness EtA 

and secant stiffness EsA can be considered equal.  

3.4.  Load distribution in test pile and mobilisation of unit shaft resistance 

The load distribution for all load steps applied to test pile 7 in the 2nd load cycle (reloading up to 500 

kN) is shown in figure 9a. The load distribution is converted from the measured strains using the 

previous determined secant stiffness and assuming that it is valid for the entire length of the pile (the 

y = 14.258x - 0.459
R² = 0.9999

0

200

400

600

800

0 20 40 60

Lo
ad

 (k
N

)

Micro strain (με)

SG-1SG-5 SG-4 SG-3 SG-2

0

50

100

0 20 40 60
Ta

ng
en

t 
sti

ffn
es

s 
(G

N
)

Micro strain (με)

SG-1

SG-5

SG-4

SG-3
SG-2

EtA=0.0075με+14.075

(a) (b) 

) 



18th Nordic Geotechnical Meeting
IOP Conf. Series: Earth and Environmental Science 710 (2021) 012034

IOP Publishing
doi:10.1088/1755-1315/710/1/012034

9

 

 

 

 

 

 

reduction in pile stiffness of around 1.3 GN at the bottom 2.5 m of the pile due to the lack of the GEWI 

bars is not considered, as it has only little influence).  

The load distribution lines between SG-2 and SG-5 are seen to be approximately linear and rotate 

gradually with increasing load. This indicates that the mobilised unit shaft resistance is approximately 

constant with depth and is mobilised simultaneously along the pile below SG-2, as was also indicated 

from the tangent stiffness in figure 8(b). 

  

                     c  

Figure 9. Test pile 7 - Back-calculated load distributions (a);                                                  

Mobilisation of unit shaft resistance in-between gauge levels (b) 

The mobilised unit shaft resistance in-between each gauge level is plotted in figure 9(b) against the 

pile top movement which can be expected to be similar the relative movement between the pile and the 

soil. From figure 9(b) the unit shaft resistance below SG-2 is seen to increase gradually as the pile is 

moving upwards (relative to the soil) reaching ultimate values of around 41 kPa to 57 kPa in the marine 

Eocene clay (SG-3 to SG-5). Strain hardening behaviour is seen within the plotted range of movement. 

Surprisingly high mobilised unit shaft resistance is also indicated in the lower sand layer (between SG-

2 and SG-3). If the average ultimate mobilised unit shaft resistance in the marine Eocene clay (49 kPa) 

is compared to an estimated average intact undrained strength of around 160 kPa from boring B2, an 𝛼-

value of around 0.3 is achieved. 

In figure 10 the measured total shaft resistances from the two full-scale loading tests (tension) on test 

pile 1 and test pile 7 are compared to the analytically calculated shaft resistance of the corresponding 

driven pile (equivalent diameter) using the intact undrained shear strength profile from borings B1 and 

B2 respectively and applying an 𝛼-value of 0.4 in clay as given by the equations according to [1]. The 

contribution from the sand represent less than five per cent of the analytically calculated shaft resistance 

of the corresponding driven pile and is thus omitted in the following. In the figure the assumed 

relationship between the shaft resistances for bored (𝛼=0.12) and driven piles (𝛼=0.4) in clays as given 

by [1] is also shown.  

The derived value of shaft resistance for test pile 1 was 825 kN for a displacement rate of 0.005 

mm/sec. This corresponds to an empirical adhesion coefficient 𝛼=0.37 which is close to the values used 

for driven piles and around 208 % greater than given by [1] for at bored pile. For test pile 7, the derived 

value of shaft resistance was 750 kN for a displacement rate of 0.005 mm/sec. This corresponds to an 

empirical adhesion coefficient 𝛼=0.42 which again is close to the values used for driven piles and around 

250 % greater than given by [1] for at bored pile. The deviation between the adhesion coefficient 𝛼= 0.3 

for the marine Eocene clay estimated from the unit shaft resistance and the analytical back calculated 

empirical adhesion coefficient 𝛼= 0.42 based on the total shaft resistance for test pile 7 is likely to be 

due to the observed mobilised shaft resistance in the lower sand layer. 
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Figure 10. Comparison of measured total shaft resistance and analytically                               

calculated shaft resistance for an equivalent driven pile. 

4.  Conclusions 

The results from the tension load tests directly gives a measure of the total mobilised shaft resistance of 

the test piles. Distribution of load in the test piles and hence mobilised unit shaft resistance along the 

length of the pile has been derived assuming a constant pile stiffness derived from the two uppermost 

gauges levels in the pile. The results from the load tests indicate that the mobilised unit shaft resistance 

is approximately constant with depth and is mobilised simultaneously along the pile in the marine 

Eocene clay. 𝛼-values ranging from around 0.3 to 0.4 are back-calculated based on the two load tests. 

Hence, the results from the two full-scale loading tests (tension) clearly show that the Danish code-

requirement, limiting the shaft resistance to 30 per cent of the corresponding driven pile (i.e. 𝛼 = 0.12), 

is too conservative.  
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